This paper investigates the meshing behavior of the roller screw, a mechanical transmission device characterized by threaded rollers that transfer a load between the nut and the screw, by analyzing the meshing characteristics between screw and rollers. This study seeks to establish a more accurate mathematical model for the thread surface by creating a modeling process in which the max radiuses of the threads are calculated more precisely. The contact line distribution and the contact location were also calculated in order to confirm the cross section of the meshing points. In the research presented in this paper, the actual transmission ratio is analyzed and the study results in a new method to calculate the actual transmission ratio. In this study, the helical angle and the vertex angle are proven to be of great significance after a careful analysis of their influence is conducted.
Introduction
The roller screw is a mechanism used for converting rotary movement into linear displacement. Using rollers as the intermediary between the screw and the nut avoids the slide found in trapezoidal screw transmission and allows a much smaller thread than that of the ball screw, which provides the roller screw with a higher load capacity, a longer working life, higher speed, higher acceleration, and higher transmission precision. Thus, roller screws are widely used in high load, high speed, and high precision applications: in the aerospace industry, the roller screw is used for the design of landing gear [1] ; in the shipbuilding industry, it is used for driving the propeller; in optical equipment, it is used for precise micro displacement [2] ; it is also applied in the robotics as a kind lighter, rapid responding component [3] ; and it is already applied in machine tools especially the high precision grinder.
A number of researchers have studied some aspects of the roller screw, such as its efficiency, failure mode [4] , roller migration kinematics [5] , contact kinematics [6] , stiffness [7] capability, and limitations [8] . The roller screw is divided into several types based on the different structures [9] and the selection of structure parameters [9] is analyzed; these researches make important progress in study of roller screw; however, none of them focuses on the accurate analysis of the meshing behavior. The previous research of meshing calculation [10] [11] [12] did not consider the transmission form of the external thread meshing which would cause some unique problems for roller screw research. This paper builds on the parametric model of the screw/nut/roller surface and the meshing between them. The meshing formulas are very complex and cannot be solved with an analytical method, so a numerical method is developed to calculate the contact line and the meshing area. Using this method, this study researches the regular changes of the contact line with different thread helical angles and vertex angles. Based on the accurate calculation of the contact line, the actual transmission ratio of the roller screw is calculated at different thread helical angles and vertex angles. Last, a brief conclusion is given about the impact this research can have on meshing performance.
The Structure and the Movement Principle of the Roller Screw
The basic structure of a planetary roller screw is shown in Figure 1 . The main components include the screw, the nut, and the rollers. The screw and the nut mesh separately with the rollers [9] , which are symmetrically distributed around the screw. The gear system supports the rollers and keeps their symmetric position. The screw and the nut generally use multiple threads, while the rollers use a single thread but share the same pitch [13] . The screw and the nut always have triangular threads, but the roller can have a triangular thread or a rounded thread. When made with high machining accuracy and precise assembly, the triangular profile of the roller thread will lead to a line contact, which can provide a higher load capacity. The vertex angle of the thread is usually 90 degrees [10] , but other values are also possible. During the transmission process, the nut and the rollers need to stay static in the axial direction so that there is no slide between their thread surfaces [11] . This requires the axial displacement of the roller, because revolving along the nut thread equalizes the rotation axial displacement as shown in the following equation:
Δ indicates the angular displacement in the roller thread while meshing. Equation (1) can be simplified to = / + 2, which is a rule that must be observed to guarantee that the roller will not move out from under the nut during the transmission process.
Assuming there is no slide between these components, the axial movement of the nut, when it is fixed circumferentially, and the screw, when it is rotated for one revolution, is defined as the transmission ratio of the roller screw. The theoretical transmission ratio of the roller screw is shown in formula (2) . It can easily be seen that the transmission ratio is determined by the pitch, the lead of the screw thread, the thread directions, and the quotient of the screw radius divided by the roller radius. Thus, it is possible to achieve high speed transmission or precise positioning by choosing reasonable parameters, and it is also possible to obtain a wide range of transmission ratios:
In formula (2) is the roller displacement direction coefficient, 1 if the thread of the rollers takes the same helical direction as the screw, −1 if the thread of the rollers takes the opposite direction as the screw, and 0 for plane rollers.
The theoretical transmission ratio is calculated using the pitch radius based on the assumption that the meshing points lie on the cross section (the plane is determined by the screw and the roller axes). But the thread surfaces rise and twist at different degrees, which means that the meshing points between the screw and the roller actually exist mostly on only the one side of the cross section. Considering the axial free movement of the roller and the threads when crossing with each other, the actual transmission ratio should be calculated using the relative velocity as the screw and the roller conjugate across these surfaces at the meshing location. The surfaces of the screw, the nut, and the roller are all triangular threads, and they share the same modeling method, which means that the formulas for the thread surface modeling omit the subscripts (e.g., is used, instead of using , , or when developing the surface equation for the screw, the nut, or the roller). As is shown in Figure 2 , the coordinate system ( , , , ) is fixed with the screw/nut/roller at the center of an end face. The coordinate system 3 ( 3 , 3 , 3 , 3 ), in which the thread profile is measured, rises along the helical line with its origin from the axis, and with its 3 3 plane perpendicular to the helical line.
The transformation matrix used to convert the coordinate system 3 ( 3 , 3 , 3 , 3 ) to ( , , , ) can be developed from Figure 2 , resulting in the following matrix formula:
sin sin cos sin cos cos −sin cos sin 0 sin cos tan
where is the helical angle, which can be calculated with the following formula:
The vertex angle is measured from the cross section as shown in Figure 3 . Point is on the thread surface; 
Mathematical Problems in Engineering This coordinate can be converted to ( , , , ) by multiplying the transformation matrix 3 0 as shown in formula (6) . Given the range in which and change, formula (6) will indicate the surface of a thread, which allows us to characterize the models of the screw/nut/roller thread surface. Consider the following:
can be calculated as shown in formula (7) . is the quotient of the thread tooth height divided by the pitch and is the proportion of the crest part divided by the pitch radius taken from the tooth height.
decreases with the increase of the pitch in order to keep the max radius from becoming too large:
This model can be distinguished from the ones built in the previous researches [6, 9, 13] by highlighting the following aspects. First, we can note that the roller thread profile is a straight line instead of a circular arc, as has been assumed in previous papers. This straight line method reduces the processing difficulties found in engineering applications and could provide excellent performance with precise machining technology though curved flanks are applied to the current actual products. Second, we can note that the max radius, which impacts the thread size and the helical angle, is no longer seen as being free from the influence of alterations to the pitch. These advantages make the model more accurate, because they reflect the actual thread characteristics better.
A Model of the Meshing.
The screw/nut thread surface meshes externally/internally with the roller surface; the pitch diameters are tangent; the screw axis parallels the roller axis; and the upper/lower screw surface meshes with the lower/upper roller surface [12] . The numerical assembly method calculates the surface of the roller with that of the screw/nut, thus preventing both the screw and the nut from moving and rotating, while fixing the roller axis a certain distance away from the screw/nut axis, which allows it to rotate. The distance between the axes is the pitch radius of the screw plus that of the roller. Now, observe how the meshing between the roller and the screw in the plane is perpendicular to their axes as shown in Figure 4 . The transformation matrix for the roller rotation is shown in the following formula: The roller surface as measured in the fixed coordinate system can be calculated as follows:
Setting the screw coordinate system ( , , , ) to coincide with the fixed coordinate system along the screw surface can now be calculated:
Similarly, the nut surface is calculated as follows:
The two surfaces will mesh with each other if a point where their position vectors are equal exists when the normal vectors are in the opposite direction. That point is the meshing point. According to this principle, the system of equations for calculating the meshing point between the screw and the roller can be listed [14] :
The normal vectors can be solved using the position vector as follows:
Based on formulas (12) and (13), the meshing equations for the meshing between the screw and the roller can be calculated as shown in the following formula:
The equations of the meshing between the nut and the roller are similar to that of the meshing between the screw and the roller, as shown in the following formula:
In formula (14) , , , , , and are the parameters that determine the position of the meshing point and the pose of the roller. This nonlinear equations set cannot be solved using an analytical method, but, by applying a numerical method, the solution can be calculated if given a set of parameters.
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Analysis of the Meshing between Roller and Nut
The meshing points between the nut and the roller are calculated based on the cross section, which can be confirmed by theoretical analysis [6] . A conclusion that the helical angle of the nut thread equals that of the roller thread can be drawn by applying formulas (1), (4), and (7). This means that the nut and the roller thread surface have the same circumferential inclination. The same vertex angles of the roller and the nut threads mean that the inclination of the radius direction is also equal. Thus, the point which is on the cross section and in the pitch radius shares the same normal direction on the nut and the roller thread surface. This point matches the meshing demonstrated in (15); this is the meshing point. The meshing on the cross section makes the meshing characteristics relatively simple: the contact radius is the pitch radius and the contact angle is zero. This relatively fixed contact makes the transmission between the nut and the rollers stable and easy to analyze. So, the remaining analysis will emphasize the meshing between the screw and the rollers, which have an obvious effect on the transmission process.
Analysis of the Meshing between Roller and Screw
Unlike the nut, the screw meshes with rollers outside the cross section. If the screw and roller mesh with each other in the cross section, that will make equal to 0. If = 0 is taken into formula (14) , it could be solved that
This means that, when meshing with each other, the axial displacement generated by rotation of roller equals the axial displacement along the screw thread but of different directions. So there are no axial relative movements between roller and screw and the rotary movement of screw will not be converted into linear displacement. Thus the roller and screw must mesh outside the cross section.
The core parameter for the meshing behavior between roller and screw is the helical angles which are determined by and . The helical angle of screw is different from that of roller; they are mutually independent and will influence the meshing characteristics together. The vertex angle is also important parameter which affects the meshing between roller and screw.
Contact Lines.
The meshing point's distribution largely determines the meshing characteristics of the roller screw, because it is the basis for the motion of the meshing point and the force of the transfer between the screw and the rollers. The solution to formula (15) gives us the contact line of the meshing surface. Though the continuous function of the contact line could not be solved, the numerical solutions of a series of the meshing point can be formed by the contact curve. According to the circumferential symmetry of the meshing, the mesh area is the helical surface generated when the contact line rotates along the axis. Figure 5(a) shows the meshing between the screw and the roller threads and Figure 5(b) shows the specific features of the meshing point. The screw and the roller threads have helical angles of different size and directions, so the helical lines cross with each other. An appropriate incline and twist make the crossing surfaces mesh with each other. The difference between the helical angles ensures that the meshing points are located on one side of the cross section. The upper/bottom surface of screw thread meshes with the bottom/upper surface of the roller thread, thus forming a contact line.
The contact line is a basic and an important piece of data for the study of meshing characteristics, because it reflects some important meshing parameters, such as the contact radius and the contact angle. It also has a close connection with the transmission ratio, the edge contact, and some of the other meshing performance measurements. The contact radius ( ) and the contact angle ( ) are not structure parameters, but they are parameters used to locate the meshing points; they are measured in a plane which contains the meshing point and are vertical to the axes.
Apply numerical method to calculate the locations of meshing points and to determine the contact line and the meshing area. During the calculation, the screw pitch radius is 9.75 mm, the roller pitch radius is 3.25 mm, and the number of screw threads is 3. The helical angle and the vertex angle take different values and the other parameters are worked out based on the parameters already provided.
The calculation results show that the surfaces of the screw and the roller are the contact line and the meshing line is always on only one side of the cross section. In Figure 6 , contact lines are calculated using the condition of the different helical angles while other parameters remain the same.
has a minimal helical angle of 1.2 ∘ , which is calculated with a 0.4 mm pitch and gradually increases to the maximum of 5.4
∘ when it comes to , with a pitch of 2 mm; the pitch of each contact line is 0.2 mm larger than that of its right side. It can obviously be seen that the contact lines move along the circumferential direction and the shapes of the curves also change. On a single contact line, the meshing points near the root demonstrate more obvious position changes; this fact makes the contact line longer and also increases the incline in the direction of the radius. A longer contact line means less contact force, which may help reduce deformation, especially if it is paired with larger contact tooth thickness. Thus, the increasing helical angle will enhance the load capacity of the roller screw. Unfortunately, a longer and more inclined contact line may also increase the risk of generating interference, which means that the helical angle should be set within a certain limited range.
As is shown in Figure 7 , the value of the vertex angle also influences the position and the shape of the contact line. The contact line on the left is the smallest and each line increases by 7.5 ∘ until it reaches the largest contact line. The increase of the vertex angle moves the contact line in the cross section and makes it shorter and closer to the radial direction. At the same time, it makes it more curved, which may also cause interference. The distribution of the contact line will, to some extent, reflect the meshing quality. For one pair of meshing threads, the meshing quality can be evaluated based on certain aspects of the contact lines. First, the distance from the contact line to the cross section largely determines the contact radius and the contact angle, which are proven to be important factors for the principle of curvature [6] . The length of the contact line directly affects the contact force. The inclination of the contact line is also of great importance, because a steeply inclined contact line will have a substantial circumferential distance, which increases the axial displacement and is more likely to result in interference.
The line contact could enhance the loading ability of the planetary roller screw and, however, may also increase the risk of interference. In this paper, a function int ( , ) is built to indicate the interference and help evaluate the interference risk. int ( , ) is the -axis distance between the points which share the same location in plane and exist, respectively, on screw and roller surface. It can be calculated using formulas (9) and (10):
In formula (17),
If the value of int ( , ) is positive, it means there is no interference. int ( , ) < 0 means that interference and the interference area are shown in Figure 8 of the different helical angles and Figure 9 of different vertex angles.
It can be seen from Figure 8 that the interference area is varying with different helical angles. When the thread has a smaller helical angle of = 3.4 ∘ , the interference will only probably take place on the very edge of the thread and could be avoided by modifying the root or addendum. Along with the increasing of helical angle, the interference area spreads to almost the whole breadth of thread which will disable the threads meshing.
It can be seen in Figure 9 that, just like the helical angle, a changing vertex angle also has influence on the interference area, and a larger vertex angle benefits avoiding interference. Based on the analysis of the contact line of planetary roller screw, it can be concluded that the straight line thread roller screw can be applied in condition of small helical angle and relatively large vertex angle. Under these conditions, the line contact will increase the contact points and enhance the load capacity. With the helical angle increasing, the line contact planetary roller screw will face the risk of interference and need to be modified.
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Meshing Points.
In the meshing process, the contact line will create an uncertain meshing radius and is more sensitive to manufacturing and installation errors; so, the profile of the thread surface needs to be modified. The modified profile can take many shapes and will make the surface more complex, but the purpose and the principle of modifying the thread surface are the same. The modified profile must retain the indispensable contact points and avoid other contact points. The meshing point between the nut and the roller is on the cross section and in the pitch radius; these locations can guarantee a relatively static interaction between the roller and the nut, so they are chosen as the points to be retained while the other points on the contact line must be eliminated. For the surface, most areas, except the line along pitch diameters, are modified to be of a certain shape to avoid unnecessary contact, but the specific shape does not affect the meshing point calculation. So, the calculation for solving the meshing point of the modified surface can be simplified by using the helical line on the pitch diameter as the roller to solve (14) . The helical line is separate from the roller thread surface, so it has the same normal vectors as is on the surface. In this way, the meshing points of the modified thread surface can be calculated.
The meshing points between the roller and the screw can still be calculated when the helical angle changes, as is shown in Figure 8 . As the meshing points change from the rightmost point, which has the smallest helical angle of 1.2 ∘ , to the leftmost point, with the maximal helical angle of 14.6 ∘ , the meshing points demonstrate a trend that moves away from the pitch radius toward the thread crest, where the tooth thickness is thinner, and away from the cross section, just as the contact lines do. The meshing points would even go beyond the boundary of the thread surface if the helical angle is too large. It can be seen that the contact radius will increase if the contact angle became larger and similar regularities can be found among the meshing points with different vertex angles as is shown in Figure 9 . A smaller contact angle is helpful in order to get a meshing point away from the edge of the thread, so a smaller helical angle and a larger vertex angle improve the results when the distance is taken from the thread edge in accordance with the evaluation standard. The locations of the meshing points still affect other performance factors of the roller screw, which makes the selection of parameters far more complex than this process suggests. The rest of this paper will demonstrate how the meshing point location affects the transmission ratio, which is one of the most important performance parameters of the roller screw.
The Actual Transmission Ratio of an Asymmetric Meshing
The transmission ratio is one of the basic parameters of the roller screw, which directly influences the selection of different working conditions. There exists a difference between the actual and the theoretical transmission ratio, because the meshing points are considered as if they were lying on the cross section when calculating the theoretical transmission ratio; however, it can be found that the meshing points between the screw and the roller always have a certain distance from the cross section, which indicates that the actual transmission ratio is not likely to be the same as the theoretical transmission ratio. The actual transmission ratio can be defined as the nut axial displacement for one rotation of the screw and can be calculated using the ratio of the nut axial linear velocity and the screw angular velocity. The nut axial linear velocity equals the axial component of the screw velocity, which is indicated by V . The relative velocity between the roller and the screw at the meshing point can be calculated using the following formula:
The relationship of the angular velocity to the screw and the roller can be easily obtained as follows:
The relative velocity at the meshing point must satisfy the following equations:
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By taking formulas (13) and (19) into (20), V can be calculated as follows:
The actual transmission ratio is the quotient V divided by :
The actual transmission ratio can be calculated using the solutions to (15), as stated above, because the helical angle is an important parameter that affects transmission performance and the transmission ratio. Though is not explicitly stated in formula (22), , , , , , and are all influenced by ( Figure 12) .
As is shown in Figure 10 , the actual transmission ratio almost proportionally increases with the growth of the helical angle, as does the theoretical transmission ratio. The rate of increase observed in the actual transmission ratio is larger, because as the meshing point deviates from the cross section it may increase the actual contact radius. It can be seen that a larger helical angle is helpful for enhancing the transmission ratio, but, as has been proven above, it will also push the meshing location to the thinner thread edge and cause interference problems, which may be harmful. So, the selection of the helical angle must take several factors into account and must satisfy the main requirements as determined by the different application situations ( Figure 13 ).
As has been illustrated previously, the growth of the vertex angles will make the meshing point closer to the cross section. This means that there will be a smaller contact radius and that decreases the actual transmission ratio, as is shown in Figure 11 . Altering the vertex angle will not change the theoretical transmission ratio, which can be seen in formula (4); however, the actual transmission ratio can be lower than the theoretical one if there is a large vertex angle. This is because the meshing points are quite close to the pitch radius when there is a large vertex angle, as is shown in Figure 9 ; so the screw contact radius is almost the pitch radius ( = ); however, a contact angle must still exist. So, in the triangle that is composed of , , and + , the roller contact radius is larger than and / is relatively small. This may cause a relatively smaller transmission ratio, which is why there is a lower actual transmission ratio in Figure 11 .
Obviously, the actual transmission ratio is different from the theoretical transmission ratio, because the contact radius differs from the pitch radius. In most cases, the actual radius is larger, because of the deviation between the meshing point and the cross section. 
Conclusion
The research presented in this paper has developed a method for modeling the roller screw meshing behavior accurately and has analyzed the numerically calculated data used to evaluate the meshing characteristics. The mathematical model established herein can reflect the actual roller screw by taking several factors, which are ignored in the analytic model, into consideration due to their actual significance. As has been demonstrated, the contact lines and the meshing points can be calculated and the actual transmission ratio can be analyzed by applying a new calculation method. The helical angle and the vertex angle are proven to be of great significance for the actual meshing characteristics. They have manifested effects on the position of the meshing points and will directly impact the tooth thickness and the tooth height. Based on this analysis, a larger helical angle will enhance the load capacity and the transmission ratio of the roller screw, though it may cause interference problems. A larger vertex angle will increase the load capacity significantly and helps avoid interference; however, it may increase the contact force and decrease the transmission ratio. The helical angle and the vertex angle are relatively independent parameters that can be used together to make up for the disadvantages they each cause separately. Thus, different values could be selected in order to meet the requirements of different applications and to maximize the benefits of the roller screw for different uses. Relative velocity between the roller and the screw , :
Nomenclature
Given Geometric Parameters
Angular velocity of the roller and the screw.
Performance Parameters
: Actual transmission ratio : Theoretical transmission ratio.
